Atypical El Tor strains of Vibrio cholerae O1 harboring variant ctxB genes of cholera toxin 24 (CT) are gradually becoming a major cause of recent cholera epidemics. Vibrio mimicus 25 occasionally contains virulence factors associated with cholera, e.g., CT, encoded by ctxAB 26 on CTXФ genome; and TCP, the CTXФ-specific receptor. This study carried out extensive 27 molecular characterization of CTXФ and ToxT regulon in ctx +ve strains of V. mimicus 28 isolated from the Bengal coast. Southern hybridization, PCR, and DNA sequencing of 29 virulence related-genes revealed the presence of an El Tor type CTX prophage (CTX ET ) 30 carrying a novel ctxAB, tandem copies of environmental type pre-CTX prophage (pre-31 CTX Env ), and RS1 elements, which were organized in an array of RS1-CTX ET -RS1-pre-32 CTX Env -pre-CTX Env . Additionally, a novel variant of tcpA and toxT respectively, showing 33 clonal lineage to a phylogenetic clade of V. cholerae non-O1/O139, was identified. The V. 34 mimicus strains lacked the RTX and TLC elements, and Vibrio seventh pandemic islands of 35 the El Tor strains, but contained five heptamer (TTTTGAT) repeats in ctxAB promoter region 36 like some classical strains of V. cholerae O1. PFGE analysis showed all the ctx +ve V. mimicus 37 strains were clonally related. However, their in vitro CT production and in vivo toxigenecity 38 were variable, which could be explained by differential transcription of virulence genes along 39 with ToxR regulon. Taken together, our findings strongly suggest that environmental V. 40 mimicus strains act as potential reservoir of atypical virulence factors, including variant CT 41 and ToxT regulon, and may contribute to the evolution of V. cholerae hybrid strains. 42 (248/250 words) 43 IMPORTANCE 44 Natural diversification of CTXФ and ctxAB genes certainly influences disease severity and 45 shifting patterns in major etiological agents of cholera, e.g., the overwhelming emergence of 46 hybrid El Tor variants, replacing the prototype El Tor strains of V. cholerae. This study 47 showing the occurrence of CTX ET comprising a novel variant of ctxAB in V. mimicus points 48 out a previously unnoticed evolutionary event, independent to that of the El Tor strains of V. 49 cholerae. Identification and cluster analysis of the newly-discovered alleles of tcpA and toxT 50 indicates their horizontal transfer from an uncommon clone of V. cholerae. The genomic 51 content of ToxT regulon, and tandemly arranged multiple pre-CTXФ Env and a CTXФ ET in V. 52 mimicus probably act as salient raw materials inducing natural recombination among the 53 hallmark virulence genes of hybrid V. cholerae strains. This study will facilitate deeper 54 understanding of the evolution of new variant CT and ToxT regulon, influencing cholera 55 epidemiology. 56 (150/150 words) 57 58 Vibrio mimicus is genetically and ecologically very similar to Vibrio cholerae, the 59 cholera bacterium and share similar environmental niche in freshwater and estuarine 60 ecosystems, particularly in the tropical region like the Bengal delta. V. mimicus is known to 61 be associated with sporadic cholera-like diarrhea cases. Despite a lot of efforts in hygiene 62 promotion and therapeutic advances, cholera continues to pose as a major health problem 63 worldwide, accounting for millions of episodes and thousands of deaths, with ca. 132,000 64 cases in 2016 reported to the World Health Organization 65 (http://www.who.int/gho/epidemic_diseases/cholera/en/). The principal pathogenic factor 66 instigating the disease is the cholera toxin (CT), encoded by the ctxAB operon, predominantly 67 found in V. cholerae strains belonging to the O1 and O139 serogroups, and occasionally a 68 few non-O1/non-O139 serogroups. Among the seven known cholera pandemics, the current 69 seventh pandemic since 1961 is caused by the El Tor biotype of V. cholerae O1 while its 70 classical biotype was associated with the sixth pandemic. In Bangladesh, the classical cholera 71 re-emerged in 1983, later receded by the rise in El Tor cholera, and is believed to be extinct 72 since 1993. However, since the last decade, hybrid El Tor strains producing classical-CT are 73 the dominant cause of epidemic and endemic cholera replacing the prototype El Tor strains 74 that produce El Tor CT (1). Occurrences of such type of variant El Tor strains have also 75 reported to spread in many countries in Asia, Africa, and in Haiti (2, 3, 4). This indicates a 76 cryptic existence of the variant or classical ctxB, and variant CTXΦ in environmental 77 reservoirs, yet mostly unexplored. In vitro experiments have shown that CTXΦ can infect 78 certain V. mimicus strains (5). In line with this, occurrence of ctxAB among V. mimicus 79 strains, although isolated rarely, in Bangladesh, India, Japan and the United States, attests the 80 hypothesis of inter-species genetic exchange (6, 7, 8, 9). 81 The ctxAB operon encoding the A and B subunits of CT is a part of the genome of 82 CTXΦ, a filamentous bacteriophage. The precursor form of the CTXΦ, pre-CTXΦ, does not 83 carry the ctxAB genes (8). Before this study, a total of 13 genotypes of ctxB have been 84 distinguished based on single nucleotide polymorphisms (SNPs) at 10 loci of this toxigenic 85 factor (Table 2). Notably, the ctxB genotypes 1 and 2 are typical for all classical strains and 86 El Tor strains from Australia, respectively, while genotypes 3 and 7 are featured among the 87 pandemic El Tor, and the Haitian variant strains. V. cholerae O1 El Tor strains are also 88 characterized by the presence of TLC (Toxin linked cryptic) element and repeat in toxin 89 (RTX) genes in the flanking region of CTX prophage, and two large genomic islands, termed 90 as Vibrio Seventh Pandemic Islands (VSP-I and VSP-II) (10). Other known virulence factors 91 of V. cholerae, particularly of the non-O1/non-O139 strains, include heat-stable enterotoxin 92 (encoded by stn), type III secretion system (vcsN2), and cytotoxic cholix toxin (chxA) (11, 93 12). Natural recombination events, compounded with the integration of phages contribute to 94 evolution of genes, especially those related to virulence and ecological fitness (13).While 95 persisting in the aquatic environment V. cholerae and V. mimicus interact with diverse 96 phages, and a portion of their populations, harboring selective receptor, can integrate 97 toxigenic phages into their genome. 98 The CTXФ genome (~ 6.9 kb) contains core and RS2 regions. The core region 99 includes genes involved in phage morphogenesis and CT production, including ctxAB, zot, 100 and orfU. The RS2 region contains genes required for replication (rstA), integration (rstB) 101 and regulation (rstR) of CTXФ (14). Moreover, the upstream promoter of ctxAB possesses 102 heptamer repeats, considered as evolutionary signature, while its downstream intergenic 103 region contains site for CTXФ integration, mediated by XerC and XerD recombinases (15). 104 In El Tor strains, the prophage DNA is flanked by a genetic element known as RS1, which is 105 a satellite phage (16). In comparison to RS2, the RS1 additionally contains rstC that ecodes 106 an anti-repressor of rstR and promotes transmission of RS1 and CTXФ (17). In V. cholerae 107 strains, presence of both CTX prophage and RS1 element, as solitary and multiple copies 108 with diverse arrays of genetic organization, have been documented (18). Based on nucleotide 109 sequence polymorphism in its several genes, including rstR and orfU (gIII CTX ), the CTX 110 prophage can be differentiated into several types such as classical, El Tor, Calcutta and 111 environmental (19). Among the El Tor variant or hybrid strains, two types of CTX 112 prophages, one harboring classical rstR and classical ctxB (20) and the other containing El 113 Tor rstR and classical ctxB (21) have been reported. Although extensive investigations have 114 revealed nucleotide sequence polymorphism and diversity in the array of CTX prophages on 115 V. cholerae genome (21) little is known for those of V. mimicus strains. 116 The transmission of CTXФ into a Vibrio strain relies on the presence of a specific cell 117 surface type IV pilus receptor, termed as toxin co-regulated pilus (TCP), which also plays a 118 vital role aiding colonization of V. cholerae in human or animal intestine (22). The TCP is 119 located on the Vibrio Pathogenicity Island (VPI), and produced by the action of a cluster of 120 genes, termed as TCP island. The major structural subunit of TCP is encoded by tcpA. The 121 expression of CT and TCP is activated by ToxT, present on the TCP island, and is under the 122 control of the ToxR regulon, comprising toxR, toxS, tcpP, and tcpH (23). Based on the 123 nucleotide sequence polymorphism in tcpA, the TCP can be differentiated into several types, 124 e.g., El Tor, classical, Nandi, and Novais (24). CTX/pre-CTX prophages and genes of VPIs 125 are found scattered throughout environmental isolates of V. cholerae (25). Despite the 126 absence of the classical biotype strains along with the classical CTX phage particle (1), the 127 increasing occurrence of hybrid El Tor strains of V. cholerae O1 harboring variant ctxB genes 128 is intriguing and requires detail exploration for their environmental reservoirs. Being 129 genetically the closest species of V. cholerae, there is high possibility for the environmental 130 V. mimicus strains to act as potential reservoir of virulence genes associated with cholera and 131 diarrhea epidemics. However, our knowledge on the occurrence of genetic determinants of 132 virulence, particularly cholera-like diarrhea, in environmental V. mimicus and their similarity 133 to those of epidemic strains of V. cholerae is very limited. 134 In this study, several ctx +ve V. mimicus strains isolated from estuarine surface waters in 135 Bangladesh were analyzed to ascertain whether they can act as reservoirs of the CTXΦ 136 carrying ctxAB variant present in V. cholerae strains associated with recent epidemics. The 137 objectives were to investigate (i) the molecular diversity of genetic elements within CTX 138 prophage and TCP islands, (ii) in vitro CT production, (iii) in vivo fluid accumulation using 139 suckling mouse model, and (iv) differential expression of ToxT regulon in these 140 environmental V. mimicus strains. Comparison of these phenotypic and genetic traits to those 141 of toxigenic V. cholerae would aid in better understanding the evolution of new variant CT 142 and ToxT regulon. 143 RESULTS 144 Antimicrobial susceptibility. Among the 11 antimicrobials tested, all ctx +ve V. 145 mimicus strains examined in this study showed full resistance to ampicilin (10 µg) and 146 cephalothin (30 µg), and intermediate resistance to erythromycin (15 µg). However, two 147 types of antimicrobial resistance pattern were observed based on the resistance to polymixin 148 B (50 µg) and gentamicin (10 µg) (Table 1). Three out of six V. mimicus strains showed full 149 resistance to polymixin B (50 µg), while the other three strains showed intermediate 150 resistance to gentamicin (10 µg). 151 PFGE based screening for genomic relatedness. PFGE of the undigested gDNA 152 showed that the ctx +ve environmental V. mimicus strains possessed ca. 2.9 and 1.3 Mbp of 153 large and small chromosomes, respectively, which were similar to V. mimicus type strain 154 (ATCC33539 T ) but different from the classical (O395), El Tor (N16961) and non-O1/non-155 157 et al. (1995), these strains were clonal in origin. However, comparison of the PFGE bands 158 with two enzymes could reveal a total of five subtypes (Table 1). In case of SfiI, three 159 patterns (designated as I, II and III, Fig. S1) could be assigned, but only two patterns 160 (designated as a and b, Fig. S1) were observed in case of NotI. Taken together, four subtypes 161 (patterns Ia, Ib, IIb and IIIb) were present in four out of six strains. The remaining two strains 162 did not show any difference (pattern IIa) even after digestion with both the enzymes. 163 Occurrence of the major virulence factors. Among the hallmark genes associated 164 with the toxigenic V. cholerae strains, several of them related to CT production were detected 165 in the V. mimicus strains used in this study. Colony blot hybridization using 32 P-labelled 166 probes for virulence related-genes showed the presence of ctxA and zot of CTXФ, rstC of 167 RS1 element, and tcpA of VPI. However, these strains did not harbor genes representing VSP 168 I and II. They were also negative for TLC and RTX elements, which are commonly present in 169 the flanking region of CTXФ in V. cholerae El Tor and their hybrid strains. No other major 170 toxigenic factors of V. cholerae, namely, vcsN2, chxA, and stn were detected in the ctx +ve V. 171 mimicus strains. 172 Characteristics of ctxAB and CTXФ associated genetic elements. Based on the 173 results of MAMA-PCR, all the V. mimicus strains contained classical type of ctxB. Sequence 174 analysis of the entire ctxB observed that the gene was identical in all six V. mimicus strains. 175 Although showing signature changes at the 39th (tyrosine to histidine) and 68th (isoleucine to 176 threonine) positions, similar to classical ctxB genotype 1, the V. mimicus ctxB had additional 177 non-synonymous substitutions conferring subtle changes in the deduced amino acids at 178 positions 46 (phenylalanine to leucine) and 67 (alanine to glutamic acid) (Table 2). 179 Comparative analysis with other known ctxAB genotypes reported among V. mimicus and V. 180 531 evolutionary signatures regarding evolution of CTXФ and TCP element, has been so far 532 neglected. 533 Conclusion. It can be inferred that certain clonally related environmental V. mimicus 534 strains can act as reservoir of variant ctxB, designated as genotype 14, which is 535
INTRODUCTION
O139 (VCE233) strains of V. cholerae. PFGE analysis of NotI-and SfiI-digested gDNA 156 showed 0 to 3 band differences among the ctx +ve V. mimicus strains. According to 26Tenover cholerae revealed the existence of a new ctxB, designated as genotype 14. This genotype was 181 almost similar to genotype 12, reported from a V. mimicus strain, but differed at amino acid 182 position 67. In all other genotypes of ctxB the 67 th position encoded alanine, but all the ctxB 183 sequences of V. mimicus strains in this study detected glutamic acid at this position, thus 184 unique for this novel genotype 14. 185 Sequencing analysis of ctxA of the environmental V. mimicus strains also observed 186 alterations from the canonical gene and all available sequences in GenBank. This novel ctxA 187 differed from that of the reference El Tor and classical strains with three amino acids at 188 positions 46, 190 and 198 , while the highest similarity was observed with ctxA of a V. 189 mimicus, characterized with ctxB genotype 12 (Table 2) . A unique change at amino acid 190 position 198, with alteration of isoleucine to valine, of ctxA in the examined V. mimicus 191 strains was noteworthy. 192 The presence of RS1 element was confirmed by the rstC gene-based PCR (Fig. S2) , 193 followed by sequencing analysis. The rstC gene in the environmental V. mimicus strains was 194 identical to that of the reference El Tor strain. PCR-based genotyping of rstR showed the 195 presence of two different alleles, one for El Tor (rstR ET ) and the other for environmental 196 (rstR Env ), indicating the occurrence of multiple prophages, i.e., CTXФ ET and CTXФ ET . 197 Genetic organization of CTXΦ associated elements. Southern hybridization of 198 chromosomal DNA digested with BglI and BglII, which have single cutting site in CTXΦ at 199 rstR ET / rstR Env and zot, respectively, showed identical RFLP patterns for all V. mimicus 200 strains. Size-wise comparative analysis of the bands detected by hybridization, using different 201 probes, of the enzyme digested gDNA revealed similar results, i.e., presence of two copies of 202 pre-CTXΦ Env prophages and a single CTXΦ ET prophage, in all six strains of ctx +ve V. 203 mimicus. Probing with ctxA and rstR Env of the BglI-digested gDNA generated a single 204 positive band (ca. 10.5 Kb), and two positive bands (ca. 6.5 and 10.5 Kb), respectively. These 205 results indicated the presence of one copy of CTXΦ containing ctxAB, followed by a pre-206 CTXΦ Env (lacking ctxAB) with an adjacent RS1, and pre-CTXΦ Env without RS1 (Fig. 1, Fig.   207 S3). Probing with rstR Env and rstR ET of the BglII-digested gDNA resulted one (ca. 18.8 kb), 208 and three (ca. 3.5, 8.0 and 18.8 Kb) positive bands, justifying the adjacent locations of one 209 RS1 followed by two pre-CTXΦ Env prophages, along with the preceding occurrence of 210 another RS1 and El Tor type full length CTXΦ containing ctxAB. Hybridization with rstC 211 probe justified the presence of two copies of RS1 element, one before the CTXΦ ET and the 212 other preceding the adjacent CTXΦ Env . However, there was no RS1 element between the two 213 adjacent CTXΦ Env prophages. Altogether, an array of RS1-CTXΦ ET -RS1-pre-CTXΦ Env -pre-214 CTXΦ Env was deduced from the Southern hybridization analysis.
215
To verify the hybridization results, PCR arrays using the allele-specific forward and 216 reverse primers, with multiple combinations, of rstC, rstR, ctxAB and orfU genes ( Fig. 1 intergenic regions of CTX element (Fig.1) , confirmed the tandem presence of three copies of 226 the CTX element, including one intact CTXΦ ET and two pre-CTXΦ Env prophages lacking 227 ctxAB.
228
Genomic signatures in ctxAB promoter and intergenic sequences. The sequential 229 integration of pre-CTXΦ Env (lacking ctxAB) and CTXΦ ET in V. mimicus strains isolated from the estuarine environment prompted sequencing analysis of intergenic regions, particularly 231 ctxAB promoter and the prophage flanking regions to reveal genomic signatures associated 232 with their lysogenic transformation. Forward and reverse primers of the adjacent genes, i.e., 233 zot, ctxA, ctxB and rstR ET for El Tor CTX prophage, and zot and rstR Env for environmental 234 pre-CTX prophage amplified the desired parts of ctxAB promoter and intergenic regions.
235
Sequencing analysis of the El Tor CTX prophage showed that the promoter at the 5ʹ-236 upstream of ctxAB contained 5 heptamer (TTTTGAT) repeat spanning between -90 and -57 237 bp, which is a characteristic of the classical type ctxAB promoter, while the RNA polymerase 238 binding sites at -35 bp (TTTACT) and -10 bp (CAATTA) were conserved (Fig. 1) . The 3ʹ-239 end of ctxAB was characterized by attR sequences coupled with the XerC and XerD binding 240 sites for CTXФ integration, which started 106 bp downstream similar to the reference El Tor 241 strain N16961 of V. cholerae. On the other hand, the 3ʹ-end of pre-CTX Env prophage was 242 characterized by a 13 bp gap between zot (the last gene of phage core region) and attR 243 sequences, followed by XerC and XerD binding sites ( Fig. 1 ).
244
Sequence diversity in orfU of CTX prophage core region. Because the orfU gene is 245 instrumental in studying the diversity in the core region of CTX prophage, this gene was 246 PCR-amplified from V. mimicus strains and subjected to sequencing, followed by 247 phylogenetic analysis. Interestingly, identical sequence homology among all the study strains 248 and also within CTXΦ ET and pre-CTXΦ Env prophages was observed. Comparative analysis 249 with the reference El Tor and classical strains of V. cholerae and a recently studied V. 250 mimicus, of the deduced amino acid sequences of orfU, indicated that the environmental V. 251 mimicus strains of this study did not completely match any of them rather they possessed nine 252 unique changes with a total of 31 polymorphic sites observed within these strains. The Comparative sequence analysis with the reference classical and El Tor strains of V. cholerae 279 O1, showed that the tcpA Env_Vm had 74% homology at the DNA level to that of the El Tor 280 (N16961) and classical (O395) tcpA, with 40 and 43 substitutions, respectively, among 224 281 deduced amino acids of the tcpA gene ( Fig. 3, Fig. S6 ). The Nandi and Novais types TcpA 282 differed by 15 and 45 amino acid residues in comparison to that of the environmental V. 283 mimicus of this study. Phylogenetic analysis also observed high sequence homology of one V. 
288
Similar to tcpA amplification, PCR using the conventional primers for toxT did not 289 produce any amplicon for the environmental V. mimicus strains of this study. However, 290 application of newly designed primers (Table S5) was novel in terms of the acquired differences in 11 amino acid residues in comparison to 303 that of the non-O1/non-O139 V. cholerae in the same phylogenetic cluster, and 59-60 amino 304 acid residues with the canonical ToxT found in classical and El Tor V. cholerae O1.
305
Competitive survival of V. mimicus in microcosm. In competition with the 306 predominant estuarine vibrios, i.e., V. cholerae and V. parahaemolyticus, the inoculated V. 307 mimicus strain could be cultured on TTGA agar up to 14, 45 and 55 days at 0.1, 3.5 and 11.5 308 ppt water salinities, respectively, in microcosm environment. The survival rate of ctx +ve V. 309 mimicus strain was comparable to a strain of epidemic V. cholerae O1. In contrast to a rapid 310 decrease in culturable counts with time observed for V. parahaemolyticus at lower salinity 311 (<5 ppt), the inoculated V. mimicus strain showed better potential to persist as culturable form 312 at all the tested water salinities, representing their environmental habitats ( Fig. S8 ).
313
CT production capacity and virulence potential. All the environmental V. mimicus 314 strains showed identical pattern for the major virulence related genes, including those of the 315 predicted amino acid sequences in CTX prophages and TCP island, which indicated their 316 probable functional capability to produce CT and virulence related proteins. Therefore, bead-317 ELISA was carried out following established conditions for both the El Tor and classical 318 strains of V. cholerae O1 to check the functional CT production capacity and its variation, if 319 any, among the environmental V. mimicus strains. Results showed that the CT production 320 capacity varied among the environmental V. mimicus strains, and was better under the in vitro 321 conditions favorable for the classical (LB, pH 6.6, 30 ºC) strains than El Tor conditions (AKI, 322 pH 7.4, 37 ºC) for V. cholerae strains. Out of the six V. mimicus strains, one strain (Vm7) 323 showed high CT production capacity (110 and 30 ng mL -1 in LB and AKI, respectively) 324 while the toxin production was very low (0.1-0.5 ng mL -1 ) in others (Table 1) .
325
SMA-based experiments produced results in congruence with CT production capacity 326 for the V. mimicus strains (Table 1) . Both live cells (10 6 to 10 7 CFU) and culture filtrates of 327 the V. mimicus strain Vm7 producing high CT induced fluid accumulation and diarrhea in all 328 the experimental mice, hence concluded to be enterotoxigenic. SMA score, representing fluid 329 accumulation ratio, ranged between 0.083 and 0.090 (0.087 ± 003) for the high CT producing Vm7 strain. However, none of the experimental mice produced diarrhea when a low CT-331 producing V. mimicus strain Vm2 was administered at normal dose (10 7 CFU) and even at 332 higher dose (> 5x10 9 CFU). The fluid accumulation ratio by this strain with attenuated CT 333 production ranged between 0.065 and 0.070 (0.0068 ± 002), which was similar to that of the 334 negative control (0.062 ± 002) (Table S9 ).
335
Transcriptional analysis of genes associated with CT production. According to the 336 results of bead-ELISA, the optimum culture condition for CT production, i.e., classical type 337 condition using LB medium, was selected for transcriptional analysis of ctxAB and its known toxT, which are known to directly interact with CT production, was also observed. While 343 checking the transcription of other genes in the ToxR regulon influencing CT production, the 344 high and low transcription of ctxA was observed to be correlated with the mRNA 345 transcription of toxR, toxS, and tcpP (Fig. 4 ). In the low CT-producing strain, the 346 transcription of ctxA, tcpA and toxT genes was significantly lower by about 15-to 25-fold (P 347 < 0.005), in comparison to those of the high CT producing strains. Similarly, toxR expression 348 was also significant lower, about 4-fold (P <0.01), while both toxS and tcpP showed about 2-349 fold (P < 0.05) lower transcription. In the low CT producing strain, tcpH transcription was 350 about 1.4-fold lower but not significant in comparison to the high CT producer. On the other 351 hand, an opposite trend was observed for hns transcription; the high CT producing strain 352 showed about 1.3-fold lower hns transcription, which was not significant, than the low CT 353 producer.
354

DISCUSSION
355
Understanding the adaptive evolutionary mechanism of the CTXФ and ctxAB genes 356 encoding the cholera toxin (CT) is highly important because of its direct relation to severe 357 diarrhea such as cholera, which is causing health hazards throughout the world. In this aspect, Novel ctxAB allele in CTX ET prophage in environmental V. mimicus strains. 366 Comparing the core and flanking regions of CTX prophage in V. mimicus with those of V. 367 cholerae strains shows that some unique changes in amino acid residues, which were 368 previously unidentified, with respect to the reference homologous genes have occurred in 369 these V. mimicus strains. In the reference El Tor strain N16961, the phage integration site, 370 characterized by the attR sequence followed by XerC and XerD, starts at 106 bp downstream 371 of ctxAB intergenic region (27). Similar phage integration site starting at 106 bp downstream 372 of ctxAB of CTXΦ ET , which is different from pre-CTXΦ Env integration site, i.e., starting at 13 373 bp downstream of zot, has been observed in this study. Remarkably, comparison of amino 374 acid residues with the known ctxB sequences has identified the presence of a novel ctxB 375 variant (Table 2) in the V. mimicus strains. Phylogenetically, this newly discovered ctxB 376 genotype 14 is distantly related to the El Tor genotype 3, but more closely related to the 377 classical genotype 1 and Haitian genotype 7 (Fig. 2) . However, sequencing results and 378 comparison of orfU of CTX prophage in V. mimicus strains could identify its close homology 379 with that of the El Tor type V. cholerae O1. Nonetheless, several unique changes in the amino acid residues within the first two (D1 and D2) of three domains of orfU (28) indicates 381 the ongoing evolution of CTX prophage in environmental V. mimicus in parallel to those of 382 the epidemic V. cholerae O1. According to Wang et al. (15) , these polymorphic residues 383 most likely interact with TolA and the 'adsorption' domains, associated with phage 384 penetration.
385
Genome walking through hybridization and PCR demonstrated that the ctx +ve V. 386 mimicus strains actually contain one mature El Tor type prophage (CTXФ ET ) with ctxAB, and 387 two environmental type pre-CTX prophages (pre-CTXФ Env ) without ctxAB. Existence of pre-388 CTXΦ in some epidemic strains of V. cholerae O1 and O139 has been known (25).
389
Integration of at least two types of CTXФ (El Tor and Environmental) within the genome of 390 V. mimicus is an interesting novel observation. All of the V. mimicus strains in this study 391 were observed to produce replicative forms of both CTXФ ET and pre-CTXФ Env when induced 392 by mitomycinC in the culture filtrates, which was detected by PCRs after DNAse and RNAse 393 treatment (data not shown). On the other hand, like the El Tor strains of V. cholerae, the 394 environmental V. mimicus strains also harbored rstC, i.e., the RS1 element, which has been 395 recently observed to promote diversity by the loss of CTX prophage and lysogenic immunity 396 to make room for new CTX prophage to be integrated (29). Presence of rstC has been shown 397 to increase rstA transcription and CTXФ production (17), which may influence ctxAB 398 transcription and diversification. It is assumed that the El Tor strains possess greater 399 ecological fitness than the classical strains. In comparison to the canonical El Tor type 400 strains, the hybrid El Tor strains with classical type ctxB genotype is considered as more 401 virulent than the El Tor CT producer (30). The acquisition of hybrid CTXΦ ET by the V. but also the TCP genes in V. cholerae can be mobilized by a generalized transduction (31).
407
The sequence of the tcpA locus in the TCP element is known to be more divergent compared 408 to other loci in the VPI (32). Similarly, by phylogenetic analysis we have observed a high 409 diversity in tcpA sequences, compared to not only among the O1/O139 and non-O1/non-410 O139 strains of V. cholerae but also among the previously reported ctx +ve V. mimicus strains. 
425
Comparative analysis of tcpA sequences has clearly identified a high substitution rate 426 in the carboxy-terminal half, encoding the exposed part of the TCP pilus on cell surface.
427
Among the many differences between the present tcpA Env_Vm allele and the tcpA Cla allele 428 (classical) is the c.187V>K substitution, which is shown to be correlated with increase in 429 pilus-mediated autoagglutination in the context of tcpA cla (35). In comparison, the amino-430 terminal region, encoding the basal part of the mature pilus structure, was observed to be 431 more conserved among the V. mimicus and other strains compared. In case of toxT, the 432 diversity in amino acid residuals in comparison to the reference strain was higher in the 433 amino-terminal half, which is in accordance with a previous study (24). The relatively 434 conserved carboxy-terminal half is known to determine the specificity of ToxT protein 435 binding to DNA regulatory sites (24). Apart from acting as a virulence factor, TCP may also 436 aid in the environmental persistence, e.g., biofilm formation on aquatic particles, and 448 This is reflected in at least one strain of this study producing considerable amount (>100 ng 449 mL -1 ) of CT to induce fluid accumulation in suckling mice. We also cannot rule out the 450 possibility that the current assay condition may not be suitable for inducing the CT 451 production especially for low CT producing strains and that need to be further investigated 452 using different culture conditions and growth media like M9-minimal medium. In case of V. 453 cholerae, strains producing at least ~20 ng mL -1 concentration of CT are known to cause fluid 454 accumulation or diarrhea (37). Absence of any other potential virulence factors, e.g., TTSS, ST, ChxA and RTX indicates that the observed enterotoxicity in mice intestine is due to CT 456 produced by the environmental V. mimicus strains. Interestingly, attenuation of some 457 bacterial virulence factors has been attributed to the effect of repeated subculture in vitro, 458 e.g., reduction of heat-labile enterotoxin (LT) in E. coli, and CT production in V. cholerae. 459 (38; N. Chowdhury et al., unpublished) . On the other hand, the higher CT production in one 460 V. mimicus strain of this study may be due to its pre-exposure to the intestine of mammals, 461 fish or any potential aquatic animal (39).
462
The studied V. mimicus strains showed resistance to polymixin B, ampicilin, Moreover, ctxA transcription was correlated with significant induction in the transcription of 478 the upstream-regulatory genes toxR/toxS. In addition to ToxR regulon, the histone-like 479 nucleoid structuring protein (H-NS) encoded by hns, a global prokaryotic gene regulator, has been shown to repress the transcription of several virulence genes including toxT, ctxAB and 481 tcpA in V. cholerae (41). However, the variation in CT production in V. mimicus strains is not 482 influenced by the H-NS since its transcription did not show considerable change in parallel to 483 that of ctxAB. Therefore, the gene transcription results indicate that the ToxR/ToxS, in 484 conjunction with ToxT, controls the CT production in V. mimicus strains. The ToxR regulon 485 is thought to be controlled by environmental stimuli, such as temperature, pH and osmolarity 486 (26). Hence, understanding the precise genetic and physiological mechanisms behind the very 487 low or high level of CT production in environmental V. mimicus strains requires more 488 extensive research, which is beyond the scope of this study.
489
Probable role of V. mimicus in the evolution of CTXФ. The presence of the 490 recombinase XerC and XerD binding sequences at both ends of the pre-CTXФ Env and 491 CTXФ ET prophages support the phage-mediated integration events of these external genetic 492 elements. The lack of CTXΦ element in some tcpA-positive O1 and non-O1/non-O139 493 strains supports the hypothesis that tcpA is acquired first and then integration of ctxAB genes 494 happens during the evolution of pathogenic V. cholerae from their non-pathogenic 495 progenitors (42). On the other hand, special forms of the CTXΦ family, designated as pre-496 CTXΦ, do not carry ctxAB but contain other genes considered to be CTXΦ precursors (6).
497
The step-wise occurrence of RS1-CTX ET -RS1-CTX Env -CTX Env indicates an evolutionary 498 signature of CTXФ insertion events in V. mimicus. The observed prevalence of novel types of 499 ctxAB, tcpA, toxT, and orfU, indicates that CTX prophage on V. mimicus genome might have 500 evolved independently of the 7 th pandemic El Tor clones, probably through independent 501 integration of pre-CTXФ Env , in duplicate, and then a primeval CTXФ ET . The absence of RTX 502 and TLC elements, which are usually located on the flanks of the CTX element in V. cholerae 503 El Tor strains, also support this assumption for the environmental ctx +ve V. mimicus strains.
504
Similarly, these V. mimicus strains were devoid of the VSP I and VSP II genes cluster of 505 pandemic El Tor strains of V. cholerae. Comparative whole genome sequence analysis also 506 indicates horizontal transfer of virulence-related genes from an uncommon clone of V. 507 cholerae, rather than the seventh pandemic strains, may have generated the pathogenic V. 508 mimicus strain carrying ctx genes (9, 43) . This is further supported by the observations of this were performed using the forward and reverse allelic primers, with multiple combinations, of 618 genes rstC, rstR ET , rstR Env ,ctxAB and orfU as shown in Fig. 1 using respective primers (Table   619   S5 ).
620
Nucleotide sequencing and phylogenetic analysis of virulence genes diversity. V. 621 mimicus strains were subjected to nucleotide sequencing analysis for several target virulence 622 genes of CTXФ, including ctxAB, orfU, rstR, and associated flanking regions comprising zot, 623 intergenic regions (ig-1 and ig-2), and of TCP element, namely, tcpA and toxT. Briefly, PCRs 624 using primers (Table S5) 
